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SUMMARY OF OBJECTIVES

le To conduct field and laboratory measurements of (ong term
crustatl tilt at periods tonger than fqtr minutese.

2. To deploy an array of instruments in VYellowstone Natlonal
Park to study the effect of the thermal anomaly on the tidal
admittancee.

3. To deploy an array of instruments near Ogdens Utah to study
the secular tilt along the Wasatch fault zone. This is a seismically
active region with a possible seismic gap near Ogden.
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INTROOUCTION

During the first grant periode we designed several different
! types of tiltmeters. All of the instruments were built using various
o types of sensors purchased from INSTECH. We aiso drilfed two sets of
borehofes -- four holes of varying depth in Boulders Colorado on the
Department of Commerce site and five holes near Eries Colorado on a
section owned by the Governmente.

! At the stert of the current grant periods both arrays were
' operating continuouslys although the number of active instruments at
. each site fluctuated from time to time. The data were sent via
: telephone lines and radio links to our taboratory on the campus of the
University where we performed our analyseses

3 During the past yeary we have evaluated our system by making
’ detailed measurements of the tidal admittance at the various sitese
" We have also tooked at the sensitivity of the instruments to various
spurious effects such as rainfat! and barometric pressuree.

The resutts of these investigations have been quite encouraging:
we find good agreement between theory and experiment. The details of
our exper iments are presented below.

EARTH TIDE RESULTS

Throughout the course of our worke we have always chosen to use
the stability of the earth-tide admittance as a measure of the
performance of our instrumentse.

The tidal admittance is calculated in severat steps:

le The data recorded by the various instruments are first broken
into nominal 1l1-month segmentse This tength is chosen to achieve a
reasonable separation among the tidal components. Although we have
used shorter lengths of recorde the results of these analyses of
shorter records are often quite misleading when Fourier spectra are
examined since tidal effects and thermal effects are not well
resolved.

2e Each data set is then patched to yield a continuous time
series at the original sampling interval (10 samples/hour)e Short
gaps in the data (up to a few hours long) are patched by simple linear
interpolation. There are usvally several of these per month. They
are usually caused either by power failures at the tiftmeter ofr by a
failure of the central computere Longer gaps require a8 more detailed
patching procedures The amplitudes of the largest tidgal constituents
are estimated immediately bDefore and after the gap: the resultant
amplitudes and phases are used to construct a patched time seriese
The mean value of the patched series is adjusted to match the average
of the values at the end pointse If the values at the end points are
significantly different ({e0ee if the difference is greater than 1% of
the tidal ampliitudedle the offset s removed by adding a sloping
baseline to the patched seriese. If the gap is shorter than a few

P |
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dayse this procedure works very wells The secular tilt rate is quite
small and it is usually very close to a linear function of time. (We
have never seen a tilt "episode™ on any tiltmeter unless it was
brokenle. Although this process is tediouse it is not necessary very
often. There are usually only one or two such gaps per monthe.

3. The data are then jowpass—-filtered using a symmetric lead-lag
filter with a corner frequency near 1 cycle/hour: the filtered time
series is decimated to one or two samples per hour for further
analysise The filter not only reduces the size of the data set
thereby easing the subsequent analysisy but also removes ¢the small
residual "rough-edges™ that are often present at the patch points (no
patching process can evar be perfect since the addititve noise present
in the data is not present in the patch).

4. The admittance is then estimated by fitting the tidal time
series with an expansion of the tidal potential in spherical
harmonicse This is a linear f(east-squares proceduree. We usually
allow the tidal! admittance to have & degrees of freedom: an amplitude
and phase in the diurnal band and an amplitude and phase in the
semidiurnal band. In additions we usually fit time series obtained
from our barometer and thermometer located at each site (the barometer
and thermometer are digitized and recorded using the same racording
system as the tiltmeterss gaps in these records can usually be
patched by simple linear interpolation).

Se The amplitudes and phases determined in this way are
converted to absolute admittances by fitting the same potential to a
theoretical time series generated for the same time intervale station
position and tiltmeter azimuth.

The admittances determined in this way are characteristic of a
frequency band rather than a single frequency. This does not generate
much of a problem in the semi-diurnal bande since most of the power in
this band is at M2 and the spurious power (due to thermal or
barometric pressure effectsy for example) tends to be smalle Thus the
semi~diurnal admittance is essentially the same as the M2 admittance.
This can be verified by examining the power spectrum of the residualss
the spectrum is essentially flat across the semi-diurnal band showing
that a single (complex) admittance adequately fits the datae This is
not the case for the diurnal bHande however. We have found that
effects due to barometric pressure acting on the tiltmeter are quite
tar 32 heres and the spurious effects appreciably change the cafculated
admittances The spectra of both temperature ancd barometric pressure
are not sharply peaked near 1 cycle/cay but have appreciable power
throughout the diurnal band. As a resulte our first calculated
diurnal agqmittances were not recresentative of the true tidal
admittance because ¢f the admixture of temperature and pressuree.
Since these effects vary from month to monthe the diurnatl admittance
was also not stahle.

The stability of the semidiurnal sadmittance together with the
contamination in the diurnal band provided a sensitive measure of the
success of our efforts to isolate the instruments from spurious
effectse. We are pretty sure that we have essentially eliminated the
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sensitivity to barometric pressure by changing the design of the
platform: the sensitivity to temperature has been substantially
rteduced by various adjustments to the electronics to minimize the
overall temperature coefficient of the system,

Using the procedure out!ined above.r we caldculated the
semi-cdiurnal admittance for 8 consecutive months and the diurnal
admittance for 2 months? we report diurnal admittances only for
months when we feel the residual spurious effects were smalle.

The magnitude of the semi-dirunal admittance is 0.984 and the
phase is -4.8 degreese The uncertainty in the magnitude is about 6%:
the corresponding uncertainty in phase is about 2.5 degrees. We feel
that the admittance in the semi-diurnal band does not change by more
than our quoted error across the band (i.e. that a single complex
admittance can be used to describe the entire semi-diurnal responsel.
The qucted uncertainties represent the standard deviation of the set
of monthly admittancese.

In the diurnaj bandes the amplitude of the admittance depends on
the azimuth of the tiltmeter. If the azimuth of the instrument is
close to 90 degrees li.€e nominatly East-West)e the amplitude of the
admittance is 12 and the phase is 4.5 degreess The uncertainties are
about 10 in amplitude and 8 degrees in phase. If the azimuth of the
instrument (s close to 0 degrees {(i.2. nominalliy North-South), the
admittance ¢s smallere Dut the uncertainty {is flarge because the
amplitude of the tide is quite small. WHe estimate that the
Nor th-South admittance is 0.9 and the phase is -5 degreese. The
uncer tainty is about 20% in amplitude and 15 degrees in phases SO that
these numbers are not very meaningfule. Note that none of our
instruments is aligned exactly along either of these directions: the
quoted admittances represent calculations using data whose effective
azimuth was rotated using the usual rules of vector analysise

We have obtained tidat loading cajculations for Boulder from two
sourcese. Both calculations use the Schwiderski ocean tide mode.
Duncan Agnew performed calculations for the M2 and 01 tides using
Goad®s (1980) integrated Green®'s function algorithm while Y. Sasao of
the 1LS Dbservatory at Mizusawa computed foad effects for the M2, S2,
N2e K2+ Klo Dle Ple Q1 and Mf components using Farrell®s (1972,1973)
techniquee The two calculations are Iin alimost perfect agreements the
difference between them crarely amounting to more than 0.1 nanoredian
in amplitude or 1 degree in phases The resuits of these catculations
are presented in table 1.

Sasao®’s resulits are most easitly understood using a phasor diagram
for each tidat componente. Figure 1 shows his results for the M2
component and Figure 2 shows the 01 tide. The body tide and load tide
vectors are shown at 12 equally spaced times during their respective
tida) cyclese As can be saen from the figurese the effect of the load
is quite different in the tw0o cases. The M2 tide and load tilt
vectors both rotate clockwise at approximately the same rate so that
they retain a nearly constant spatial relationshipe This results in a
response of about 0.96 (relative to the normal! body tide atone) and a
phase lead of sbout 6 degrees with little dependence on azimuthe The
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01 tide and load vectorss howevers rotate in opposite directions so
that the relation between the vectors changes very rapidly with time.
The response thus varies significantiy with the azimuth of the
tiltmeter.

Both the tide and load tiits are much Jarger in the East-West
direction than along a North-South axise ande for an arbitrary
azimuthe the East-West tides tend to dominate the observed response.
The response is greater than unity with a phase fag for most azimuths
with a sharp minimum of 283 and targe phase lead in the North-South
directione.

These results are in good agreement with our measurementss the
discrepancies are well within our formal statistical errorses which
suggests that we have pretty well dealt with most of the spurious
signals and that our instruments and our theoretical model present a
consistent picture of tidal tilt.

There ares howevers several noise sources that are stitl not too
well wunderstoode The Erie tiltmeters often report tift glitches that
are aimost certainly spuriouse These effects seem to be related to
rainfall (but not to ground water): the effects are not the usual
“titt episodes”™ or tift steps that have been reported by investigators
using shaltlow borehole instrumentses Our spurious signals consist of a
series of rapid pulses: each pulse lasts about an houre These pulses
do not affect the baseline tiit (they are not steps) nor do they
change the calculated admittance until they become nearly continuouse.
We are currentiy conducting a series of experiments to find our where
they are coming from.

HYDROFRACTURE EXPERIMENT

On February 23, 1982, a hydrofracture experiment was performed
near our Erie site by Hatlihburton Serivcese The company allowed us to
be present on their site during the experiment and gave us all of
their datae.

The experiment was performed in a well that is &B8BS6 feet deepe
The well was cased with 4.5-inch diameter casings the casing was
perforated from 4838 to 4856 feet below the surface. This interval
spans the 18-foot thick Shannnn formations an oil-bearing Cretaceous
sandstonees Due to its relatively low permeabilitys this formation is
routinely subjected to hydrofracture. The hydrofractures typically
increase 0il production hy a factor of tenas

The experiment consisted o0* oumping a sand-laden gelted water
into the well at a constant rate of 1000 galltons per minutes This
high rate of iniecticon tends to produce a narrow fracture that
propagates away from the holes The sond is used to hald the fracture
open after the pumping i~ stopped-

At the time of the experiments two vertical pendulum tiftmeters
were operating at onur site in holes number 2 and 3. These holes are
both 100 feet deepe. The well was 1600 feet away from the tiltmeters
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along an azimuth of 168 degrees. The data were recorded using our
usua! sampling interval of 6 minutes: the least count of the
dataloggers was about 2.5 nano-radians (both of these values are
typical values for all of our instruments). A four—-day section of
data was processed by rotating the tilt data from both instruments to
azimuths atong the direction of the 1lijne to the well (je.e. 168
degreesl)le and perpendicular to this directione No signal related to
the fracture is visible at this stage due to the much higher ampiitude
of the earth tidese.

Yo remove the earth tide signals the theoretical tidal potentiatl
was calculated for both diurnal and semi-diurnal tidess The potential
was fit to the data using linear teast squares. This process is much
the same as the process used to calculate the tidal admittance
described abovees except that the data is not decimated for the
hydrofracture analysisSe

The residuals of these fits are shown in figures 3 and &, On
both tiltmeterse the components of tilt in line with the well tilted
toward the well during the fractures The totat ¢tilt was about 25
nano-radianse The perpendicular components are noisiere but do not
show a coherent tilt signal associated with the fracture. At the
conclusion of the pumpings which lasted for 84 minutesy the well was
sealed at the tops and the pressure in the fracture was afllowed to
reach an equitibrium value over nights Any deformation recovery that
occurred during this period is lost in the noisee.

As this was not a controtled experiments we do not know the
parameters that are needed to completely model the deformation or the
fracture geometry. NO impression packer or television viewer was used
to measure the strike of the fracture, and there were not enough
tiltmeters at different azimuths to completely constrain the surface
tilt fielde. We cane howevers make some general estimates as to the
sizes extent and direction of the fractures and some theoretical
models can be used to determine §f the observed tilts are at all
reasonable.

In order to estimate the strike of the fracture planes we must
estimate the stress at the fracture depthes One of the principal axes
of the stress tensor is wusually assumed to be altigned vertically
(ieeer perpendicutar to the stress-free surface of the earth): the
other two are in a horizontal ptanes In a homogeneous mediumes the
fracture will open in a plane perpendicular to the axis of minimum
compressive stress. The magnitude of the stress can be estimated from
the pressure history of the pumpirng if we assume that there is
negligible fluid toss (due to pre-existing cracks or to diffusion into
the permeable formatione for exampled.

The least horizontel compressive stress is equal to the surface
pressure when the pumping Is first shut offe This pressure is often
called the instantaneous shut-in pressure (Schnappe et ale.e 198110,
This prsessure 's the increment above hydrostatic pressure necessary to
hota '@ frar’ rfe opene Since we are assuming that the fluid is not
flowir... %t pressure in the fracture is uniforme In our cases the
pressul ¢ was 850 nsie.
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This pressure can be compared with the effective vertical stress
at the fracture. The stress is equal to the lithostatic pressure of
the overburden minus the original ftuid pressure (Hubberty et ales
1957). In sedimentary rocke the tithostatic pressure is typ.cally
about 1 psi/Z/foots the original fluid pressure is about 0.46 psi/foote.
The stress at the fracture is thus approximately 4850 psi less 2231
psi or 2619 pSie Since this vafue is much farger than the
instantaneous shut-in pressures the fracture had to be verticatl.
Hubberte et ate (1957) state that in the stress regime found in a
region of normat faultings the least principal stress will be
horizontal and approximately equal to one-third of the effective
vertical stresse. Thus the lteast principal stress is approximately
261973 or 873 psie This value is very close that that observed in our
experiment indicating that the Erie site is in a region of extensional
stresse This is consistent with the data of Zoback and Zoback (1980),
who place the €rie site in the Southern Great Plains stress provinces
a region in a state of wuniform extensional stress extending from
Western Texas to Northeastern Coloradoe. They report that the
direction of least principal stress is along an azimuth of about &S
gdegrees based on studies of earthquakes induced by fluid injection at
the nearby Rocky Mountain Arsenale. Théis suggests that the Erie
fracture was near vertical and probably had a strike along an azimuth
of 135 degrees assuming that there were no modifications due to {local
structure.

The extent and width of the fracture may be estimated using a
theoretical model given by Sun (1969), This mode! was developed for a
circular disk-shaped fracture in an infinites Qlinears idsotropicy
homojeneous mediume The hydraulic pressure is assumed to be applied
uniformly over the entire surface of the fractures The radius of the
fracture is given by: 73

= Z 5%\/
9 ?;(“v)

where

/u=2000000 psi=shear modulus for sedimentary rocks:
v2112000 cubic feet=volume of injected fluid:

V z0.25:=Poisson’s ratio:

% zPressure in the fracture.

The maximum separation of the fracturees We iS Qiven by:?

W = e g E; ( -vJ)
Ty

Evanse et al.s (1980)s explain that the aporopriate value for P.is the
driving pressure. the adoitional pressure reauired to open and extend
the fracturee It i equal to the fluid pressure in the fracture minus
the in situ stress normal to the fracture.
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Although the density of the injection fluid was increased in siXx
stepsy the fluid pressure in the crack remained fairly constant at
3230 psi during the entire pumping timee The driving pressure is then
about 1%0 psi giving a fracture radius of 418 feet and a maximum width
of 0435 inchese The surface area is thus about 549000 square feet.

The actual shape of the fracture is unlikely to be a simple
circle considering the high injection pressures but these values can
be used as a guideline for further modelinge.

Dre Tom Dobecki of Fracture Technologye Ince has kindly
computed the sucrface tilts to be expacted in our situatione The
calcutation is done anatlyticatly using a program written by Dra. Paul
Davis of UCLA. The analytic solution predicts tilts on the order of
20 - &0 nano-radians at our instrumentse The relationship between the
fracture axis and the tilt axis is differenty however. Although the
details of the solutions depend on the detajled values of the
parameterss the character of the solutions does note The axis of the
fracture is essentially perpendicular to the axis of maximum ¢tilt,.
Since our instruments showed essentialtly no tilt along an axis
perpendicular to the azimuth of the wells Oour data combined with this
modet would yield an azimuth of about 78 degrees for the fracture with
an uncertainty of about 15 degreess This is not consistent with the
picture of the stress field as presented by Zoback and Zoback (1980)0.
Howevers a closer inspection of Zoback and Zoback shows that the Erie
site is in fact in a transition zone between the Great Plains and the
Southern Rocky Mountain provincess the principal axis in the Jatter
tend to be aligned along a more nearly North-South azimuthe anc it is
not unreasonable to expect an intermediate azimuth in the transition
zZ0onee. Since we do not have sufficient azimuthal coveragees there is
not enough data to constrain the solution for the azimuth of the
fracturees The magnitude of the tilt step ise howevers consistent with
the analytical modele.

YELLOWSTONE ARRAY

Quring the period covered by this reporte we also completed the
desigagn for the array of ¢tiltmeters to be installed in Yellowstone
National Parke

The array consists of five pairs of holes flocated at Tower
Junctione Norriss Madison, Lake and Canyon. All of the holes are
nominally 100 feet deep? the holes all have double casing with cement
between the outer and inner casingses The outer casing was needed to
prevent the hole from closing behindg the drill bite The holes should
be much better than those at Erie since they will be totally dry.
twhen only one casing is useds It must be forced into the hole after
the drilling is completede In severe! casese the pressure needed to
force the casing into the hole produced cracks in the welds between
the casing sectionss These cracks allowed water to leak in over the
tiltmeter.) The size of the inner casing and the design of the bottom
sgction of the hole are the same as in our previjous instatlationse.

€ach site is equipped with a dataloqgger consisting of a smal)
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micro-computer and associated analog to digital converter. A dial
telphone has also been instalied at each sites We intend to access
each site via direct distance dialing from Boulder approximately once
per daye Using this systems all sites are totally independent of each
other: a faiture anywhere can only disable a single site. This is an
important advantages since much of the array will be very difficult to
get to during the winter monthse

In addition to storing the data from the tiltmeters at each site,
some of the dataloggers will be equioped with sensors to monitor
atmospheric pressure and temperaturee. The Physical Science
Coordinator in the park is alspo interested in correlating our tide
data with other measurementss and some form of data sharing will Dbe
arrangede.

We have made three trips to the Park this ysares and ajmost at! of
the site preparation is completes The only exception is Norrises where
we have not yet been able to get telephone service. Telephone serivce
there may not be availabte unti! next yeare.

We are planning a fourth trip to Yellowstone during the last week
of Septembper to install two additional tiltmeters. We wifl then have
three tiltmeters installed: one each at Lakes Canyon and Towere. Me
expect to begin recording data from all of these instruments by the
middle of Octobere

CONCLUSTONS

We have compared the measured tidal admittances obtained using
tilt odata at our two sites with theoretical calculations: we find
good agreement both in the semi-diurnal and diurnal bandse although
the wuncertainties in the estimate of the measured diurnal admittance
are too large to make possible a rigorous comparison of theory and
experimente.

The diurnal tide shows some residuals effects due to sSpufious
effects and we are continuing to improve our instruments so as to
reduce the sensitivity of the tiltmeters to fluctuations in ambient
temperature of pressures.

we have compared the tilt-step observed during a nearby
hydro-fracture experiment with the step expected on the basis of
average regional geologye We find good agreement on the magnitude of
the step? the data and the theory seem to diagree on the azimuth of
the fracturee bDut nejther the theory nor the measurements are
sufficiently raonust to allow uz tn avalunte the significance of the
1isScrepancCye.

We have completerd the design of our Yellowstone arraye and we
have begun installing tiltmeterse We hope to have three tiltmeters
running with completed data telemetry before the roads close for the
winere.

| W T T T T o T O S
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TABLE 1

s el 0

TILY TIDE AT BOULDER INCLUOING LOADING
Tilts in Nano-radians
- Az 8ody Load Total Response
oy Comp tdeq) Tide Tide Tide Mage Phase(deg)
Ta M2 90 40,35 3.62 39.14 0.97 -4e9
l s2 90 18,82 0435 18.91 1.00 ~1.0
?’? NZ 90 7.73 0082 7.01 0091 ’3.2
{.- K2 90 Se11 Osl4 503 0.98 =13
i
2 "2 0 25.96  3.95 24467 0.95  -8.5S
X s2 (4] 12.10 180 11.91 0.98 -8e.6
N2 0 497 0.88 4%.56 092 -9.4
K2 0 3.29 0.55 3.22 0.98 -946
Kl 90 19,79 519 23,88 120 +8.4
01 90 14,06 315 16.91 1.20 +5.0
Pl 90 6455 158 Te79 lel19 +77
Q1 S0 2469 054 3,20 1«19 +3.2
Xl 0 5.33 145 470 D.88 -15.4
01 0 3.79 1«06 3.14 0.83 -16e4
Pl 0 1077 0.66 lQSl 0.85 '1609
Ql 0 0073 °¢23 0056 °o77 "16.3
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FIGURE CAPTIONS

Fige le Sasao's results for the effect of loading on the M2
component of the ¢tilt tide at Boulder. The outer ellipse sShows the
ampiitude of the body tide as a function of the azimuth of the
observing instruments The M2 body tide moves along the outer ellipses
making one revolution per M2 periode The inner circle shows the M2
load (magnified by 2X for visibility)le The load is omnidirectional
and rotates in the same direction as the body tide. The phase
relationship between the two is therefore essentially constante The
numbers around the periphery of each trace show the corresponding
points for the body and 10ad tides at the same times The amplitude
and phase of the resultant admittance (refative to the bocdy tide) are
ptotted for several azimuths.

Fige 2« Sasao's results for the effect of Joading on the 01
component of the tilt tide at Boulder. The outer ellipse shows the
ampltitude of the body tide as a function of the azimuth of the
observing instrumente The 01 body tide moves atong the outer ellijpse.
making one revoelution per Ol periode The inner ellipse shows the 01
foade. The body and {oad vectors rotate in opposite directions around
their respective ellipses in contrast to the M2 case. The amptlitude
of the measured tide therefore changes rapidly with azimuth. The
amplitude and phase of the resultant admittance (relative to the body
tide) are plotted for several azimuthse.

Fig 3 Residuals obtained after a least-squares estimte of the
tidal titt is subtracted from the tilt data at Eriee The x—-axis is in
days and the y-axis is iIn nanoradianse The residuals have been
rotated to an azimuth of 168 degrees (nominally atong a tine between
the instruments and the test well), The two traces show the data from
two independent two-axis instruments in holes number 2 and 3 of our
Erie sitee

Fige & Residuals obtained in the same way as figure 3 except
that the data have been rotated to an azimuth of 78 degrees (nominafty
perpendicular to the line between the instruments and the test well).
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